I. INTRODUCTION
This Resource Letter is a guide to the literature describing both experimental and theoretical works on the determination of values of certain fundamental physical constants.
In this Resource Letter, fundamental physical constants are taken to be the experimentally determined parameters in the equations that describe the basic laws of physics as they are currently understood. The numerical values of these constants are needed to make quantitative predictions by theory for comparison to the results of measurements. In fact, numerical values of the constants are periodically determined as being those that give the best agreement between theoretical predictions and experimental measurements.
Some of these constants have dimensions and others do not. For example, the speed of light, a fundamental constant associated with special relativity and electromagnetism, has the dimension of velocity, or distance divided by time. In order to give a unique meaning to the value of such a constant, it is necessary to specify the system of units in which it is expressed since the numerical value will depend on the unit definitions. For example, the speed of light is about 3 ϫ 10 8 meters/ second, which is the same as about 6.7 ϫ 10 8 miles/ hour. For such constants with dimensions, the International System of Units ͑SI͒ is widely accepted in science and technology and is presently the standard agreed to through a treaty among 54 nations. On the other hand, dimensionless constants, such as the fine-structure constant, the constant that characterizes the strength of electromagnetic interactions, are independent of the unit system.
Many of the constants considered here are of use in practical metrological applications, while others are included because they have traditionally been evaluated in the periodic least-squares adjustments of the constants. In general, these constants have values that have been accurately determined, and they have a well-defined place in a fundamental theory such as quantum mechanics or relativity. This includes universal constants that apply to broad physical laws as well as properties of particular particles such as their mass. In view of the critical role of the system of units for expressing the values of constants, literature on changes that may be made to the SI definitions in the near future is also surveyed. Not included here is the broad topic of possible time variation of the constants.
Besides the references given in this Resource Letter, relevant papers may be located on the searchable database of the NIST Fundamental Constants Data Center at http:// physics.nist.gov/constantsbib.
II. BASIC RESOURCES

A. Journals
Most of the physics leading to values of the fundamental constants is reported in the following journals. The listing is in decreasing order of the number of times articles in the journal are cited in the latest adjustment of the values of the constants.
D. Electronic archives and websites
Papers on fundamental physical constants may be found in various electronic archives. The more frequently used ones are the following: 
IV. EXACT CONSTANTS
A number of fundamental constants have exact values either by the definition of the constant itself or as a consequence of the definitions of the SI units. Because of the possible dependence on SI unit definitions, which are modified from time to time, the set of constants that are exact may also change.
A. Speed of light c
The primary example of an exact constant is the speed of light c = 299 792 458 m / s. Before 1983, the speed of light was a measured quantity based on the meter and the second, which were defined independently. In 1983, the SI meter was redefined to be the distance light travels in a certain interval of time. From then on, the speed of light has been exactly one meter divided by that specified time interval. This definition takes into account the result of special relativity, that the speed of light in vacuum is the same in all inertial frames. This redefinition represented a new concept in units in which a general property of nature, namely, the invariability of the speed of light, could be used as the basis for measuring and calibrating any other velocity or, in combination with the definition of the second, as the basis for defining the meter.
B. Hyperfine frequency in cesium Cs
Another constant that is exact as the result of a definition of a unit is the ground-state hyperfine frequency in cesium Cs = 9 192 631 770 Hz. This constant is qualitatively different from the speed of light in that it refers to a particular property of a particular atom. As such, it is not a universal constant like c. In the SI, the second is defined to be the period of time for a certain number of cycles of this transition frequency to elapse. In view of this definition, the hyperfine frequency is an exact number. Other frequencies are determined by comparing them to Cs .
C. Magnetic constant 0 and electric constant ⑀ 0
The magnetic constant, or the permeability of free space, is fixed by the SI definition of the ampere to be 0 =4 ϫ 10 −7 N A −2 . From electromagnetic theory in SI units, the electric constant, or permittivity of free space, is ⑀ 0 =1/ 0 c 2 so that ⑀ 0 is also exact.
V. DIRECTLY MEASURED CONSTANTS
As mentioned in the introduction, the values of the fundamental constants are obtained by comparing experimental results to the predictions of theory in which the constants appear as parameters. The best values of the constants are taken to be those for which the theoretical predictions best match the experimental results as determined by the method of least squares. That work and its methodology are described in the papers cited in Sec. III B. In this section, references for the more recent theoretical and experimental work relevant to the determination of the values of particular constants are given and organized according to the constant to which the research is relevant. The focus is on recent papers and some older papers that are of particular significance.
A. Fine-structure constant ␣
The most accurate determination of the fine-structure constant ␣ is from the combination of measurements of the anomalous magnetic moment of the electron, a e , and quantum electrodynamics ͑QED͒ theory. Also given are determinations of ␣ from atomic recoil, neutron diffraction, and electromagnetic measurements.
Electron anomalous magnetic moment
The QED part of the theoretical expression for the anomalous magnetic moment of the electron a e is
There are additional contributions from weak and strong interaction effects, but these are relatively small. A value for ␣ may be obtained by equating the theoretical expression to the measured a e .
The first coefficient C e ͑2͒ was calculated about 60 years ago by Schwinger, and subsequent work has led to values for the other coefficients. Work is still underway refining the value of C e ͑8͒ , and calculations have only begun on the next term in the series. 
Quotient of Planck constant and particle mass experiments
The quotient of the Planck constant h to the mass of a cesium or rubidium atom has been obtained by measuring the frequency shift due to recoil of the atoms when photons are absorbed or emitted. The quotient of the Planck constant to the mass of the neutron has been obtained by Bragg reflection of neutrons from a crystal, which gives the neutron de Broglie wavelength. All of these measurements lead to a value of the fine-structure constant from the definition of the Rydberg constant, given in Sec. V C, by writing
where m x is the mass of the particle in the measurement and m e is the mass of the electron. The Rydberg constant and the mass ratios are very accurately known, so the quotient gives a value for ␣ limited mainly by the accuracy of the measurement of h / m x .
112. "Combination of Bloch oscillations with a RamseyBordé interferometer: New determination of the fine structure constant," M. Cadoret, E. 
Quantum Hall effect experiments and the Thompson-Lampard theorem
When calibrated with an independent value for the ohm, the quantum Hall effect provides a condensed-matter determination of ␣. 
Low-field gyromagnetic ratio experiments
The gyromagnetic ratio ␥Ј of a bound particle with a magnetic moment can be determined using a low magnetic field generated by a precision single-layer solenoid carrying an electric current, where the dimensions of the solenoid and the current are accurately measured. The results can be related to the fine-structure constant and other constants by
where R ϱ is the Rydberg constant, e is the magnetic moment of the electron, g e is the g-factor of the electron, and K J is the Josephson constant.
132. "The proton gyromagnetic ratio by low field method measured at KRISS," P. G. 
B. Newtonian constant of gravitation G
The Newtonian constant of gravitation G is the proportionality constant in the universal law of gravitational attraction force F between two masses m 1 and m 2 separated by a distance r
Mainly due to the intrinsically weak nature of gravity, the Newtonian constant continues to be a relatively poorly determined physical constant.
138. "Newton's constant and the twenty-first century laboratory," C. C. Speake, Philos. 
C. Rydberg constant R ؕ
The Rydberg constant is obtained by comparing theory and experiment for transition frequencies in hydrogen and deuterium atoms. Many of the recent experiments are based on use of a laser frequency comb to make precise frequency measurements. The quantity actually measured is cR ϱ , which has the dimension of frequency. The Rydberg constant is related to other constants by
2h .
Theory
The frequency is expressed as cR ϱ times a factor that depends on the detailed theory, including effects from the finite size of the nucleus and quantum electrodynamics ͑QED͒. The papers cited in this section describe the various calculations that contribute to that factor. 
Experiments
The Rydberg constant is determined from precision frequency measurements on hydrogen and deuterium atoms. Frequencies are the physical quantities that can be measured with the highest precision. The quest to improve the precision of frequency measurements was motivated largely by efforts to improve the accuracy of the Rydberg constant. This effort eventually led to the development of the frequency comb, which resulted in a recent Nobel Prize in physics. 
D. Planck constant h
The Planck constant h appears in various roles in quantum mechanics. It is the conversion factor between frequency and energy E of electromagnetic radiation E = h, and it appears in the von Klitzing and Josephson relations associated with electrical phenomena in condensed-matter physics. The reduced Planck constant ប = h / 2 is two times the quantum unit of angular momentum, is a proportionality factor for action, and appears in the Heisenberg uncertainty relation.
The most accurate measurements of the Planck constant are made with the watt-balance experiment. Measurements on crystalline silicon, discussed in a subsequent section on the Avogadro constant, are also capable of providing information on the Planck constant through a theoretical relation. The Avogadro constant gives the number of entities in a mole. According to the definition of the mole in the SI, this number is the same as the number of carbon-12 atoms in 12 g of carbon. The main effort to directly determine this constant has been focused on determining the lattice spacing, mass, volume, and isotopic composition of spherical crystals of silicon.
F. Molar gas constant R
The molar gas constant is the macroscopic link between energy and thermodynamic temperature expressed in units of J K −1 mol −1 . To date, the most accurate value of R has been determined by measuring the speed of sound in argon in a spherical acoustic resonator. 
G. Boltzmann constant k
The Boltzmann constant is the microscopic link between energy and thermodynamic temperature expressed in units of J K −1 . In practical determinations of temperature, it is the product kT that is proportional to the energy associated with the temperature that is measured. Although there are direct measurements of k, the most accurate determination is through the measurement of the molar gas constant R and use of the relation Josephson junctions are used as highly precise voltage standards. The Josephson constant K J is the constant of proportionality that relates the frequency of microwave radiation applied to a superconducting Josephson junction to the induced voltage across the junction. It is related to the elementary charge and the Planck constant by
where Φ 0 is the magnetic flux quantum. The universality tests mentioned below provide supporting evidence for the validity of the equation for K J , which is relevant to the possible redefinition of the SI units. The quantum Hall effect provides a highly precise resistance standard. The quotient of the voltage ͑at a plateau͒ across a quantum Hall device and the current flowing through it is proportional to the von Klitzing constant R K , which is given by
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See also Sec. V A 3. The universality tests mentioned below provide supporting evidence for the validity of the equation for R K , which is relevant to the possible redefinition of the SI units. 
J. Electron mass m e
The electron mass is most accurately known in atomic mass units ͑in which the relative atomic mass of the carbon-12 atom is exactly 12͒ denoted by A r ͑e͒. Three methods of determining the mass in these units are described in the following three sections. The subsequent section gives an expression for the electron mass in terms of other constants, which provides the best value in kilograms.
Bound electron g-factor
The best value of the electron mass in relative atomic mass units is provided by measurements on hydrogenlike ions of the ratio of the electron spin-flip resonance frequency f s to the cyclotron frequency f c of the ion in a uniform magnetic field. The electron mass follows from the relation
where g e ͑I͒ is the g-factor of the electron in the ion I, Z is the nuclear charge number of the ion, and A r ͑I͒ is its relative atomic mass. The atomic masses, from which A r ͑I͒ is readily obtained, are generally known with sufficient accuracy for this purpose ͑see Sec. V L͒. The g-factor is calculated from the atomic theory of the bound electron, with the following references. References for the experiments are given next. 
VI. DERIVED CONSTANTS
The best values of the constants in this section are currently not obtained from direct measurements but instead are calculated from theoretical identities, relating them to directly measured constants considered in the previous section.
A. Elementary charge e
In the classic Millikan oil-drop experiment, the elementary charge e was measured directly, but the current best value is based on the definition of the fine-structure constant as it appears in the SI system, which yields the relation e = ͑2⑀ 0 hc␣͒
The elementary charge is a universal constant because the charge of any isolated system is an integer multiple of e, as far as it has been tested experimentally. Limits can be placed on possible differences between the magnitude of positive and negative elementary charges from measurements of the neutrality of matter.
443. "The electrical neutrality of atoms and of bulk matter," C. S. Unnikrishnan and G. T. Gillies, Metrologia 41͑5͒, S125-S135 ͑2004͒. ͑I͒ 444. "Automated electric charge measurements of fluid microdrops using the Millikan method," E. R. Lee, V. The Bohr radius, which is also the atomic unit of length, is given by 
E. Nuclear magneton N
The nuclear magneton is given by N = A r ͑e͒ A r ͑p͒ B , ͑1͒
where A r ͑e͒ = m e / m u and A r ͑p͒ = m p / m u are the relative atomic masses of the electron and proton and m u is the relative atomic mass unit given in Sec. VI G.
F. Electron volt, eV
The electron volt is a unit of energy given by 1 eV = e 1 C 1 J, where C is a coulomb and J is a joule.
G. Relative atomic mass unit, u
The relative atomic mass unit is 1 u = m u = 1 12 m͑ 12 C͒ = 10 −3 kg mol −1 /N A , where m͑ 12 C͒ is the mass of the carbon-12 atom.
VII. POSSIBLE REDEFINITION OF SI UNITS
As methods of measurement have advanced over the years, the International System of Units has also evolved. The latest change in the definition of an SI unit was made in 1983 when the meter was redefined by the statement: "The meter is the length of the path traveled by light in vacuum Currently there is interest in providing similar definitions of other SI units in terms of fundamental constants. The Consultative Committee for Units has recommended to the International Committee for Weights and Measures of the International Bureau of Weights and Measures that the kilogram, ampere, kelvin, and mole be redefined by specifying exact values for the Planck constant h, the elementary unit of charge e, the Boltzmann constant k, and the Avogadro constant N A . The change is likely to take place when it is felt that the experiments needed to determine mass based on the proposed new definition are sufficiently accurate.
